INTRODUCTION
Within the framework of a joint European project (HEALTH.2010.2.3.3-3 Project 261391 EuroWestNile; www.eurowestnile.org/) mosquito suspensions and cellculture isolates obtained in Israel between 2001 and 2011 were investigated for the presence of flaviviruses (FVs) and other mosquito-borne viruses, and the obtained viruses were subjected to further genetic characterization. While most of the samples were positive for West Nile virus (WNV) and Sindbis virus (SINV) nucleic acids, one sample also contained Barkedji virus (BJV) nucleic acid. This virus was identified in a pool of 50 Culex perexiguus mosquitoes collected in Vadi Ara, Israel, on 11 August 2011. BJV had been first demonstrated in the Barkedji area of Senegal (strain designated ArD86177), and its sequence was submitted to GenBank (accession no. EU078325) in 2007; however, no publication reporting its identification and molecular characteristics has been published so far.
including an estimated 45 nt of the coding region have not been determined, in our case (strain Israel) due to an insufficient amount of sample material. The length of the determined genome of BJV Israel is 10 588 nt including a 39 noncoding part. Compared with the Senegal strain, the Israeli BJV showed seven nucleotide insertions at positions 2061, 2068, 2069, 2081, 2082, 2090 and 2091 as well as one nucleotide deletion at position 2105, leading to two additional amino acids within the coding region of E for the Israel strain.
The deduced partial polyprotein of strain Israel has a length of 3420 aa, along which the three FV structural proteins (C, prM/M and E) and the eight FV nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, 2K, NS4B and NS5) could be defined. Analysis of the putative cleavage sites within the polyprotein (Table 1) showed that the viral serine protease seems to be involved in cleavage between C/anchored capsid (anchC), prM/M, NS2A/NS2B, NS2B/NS3, NS3/NS4A, NS4A/2K and NS4B/NS5. The cleavage sites between anchC/prM, M/E, E/NS1, NS1/NS2A and 2K/NS4B seem to be processed by host proteases. The typical FV protein domains and motifs could be identified for BJV.
The only partially determined anchC protein of BJV has a size of 108 aa. Protein prM is composed of 167 aa, of which the first 92 aa are the propeptide pr, followed by the membrane protein M. For prM, a conserved region of 9 aa (E/DPV/E/DDV/I/LDCF/WC) critical for assembly of FV particles was recently identified (Yoshii et al., 2004 (Yoshii et al., , 2012 . In BJV prM protein, a homologous region could be determined between aa 60 and 68 (ERDDIDCWC) carrying an arginine instead of the conserved proline at position 61. Two potential N-glycosylation sites were calculated for prM (asparagines residues N-31 and N-84).
For the E protein (503 and 501 aa for strains Israel and Senegal, respectively), the central and dimerization domains, immunoglobulin-like domain and stem/anchor domain typical for FVs could be identified. Twelve cysteine residues, which are found in all FV E proteins and are involved in disulfide bonds, could be detected for BJV (positions 3, 30, 60, 74, 92, 105, 116, 121, 190, 293, 310, 341) . A sequence homologous to the putative fusion peptide highly conserved among FV E proteins at positions 98-110 (Allison et al., 2001 ) is present in BJV as well. However, for BJV (GRGWGNGCALFGT) there are three amino acid substitutions compared with the typical mosquito-borne FV sequence (DRGWGNGCGLFGK). The putative integrin-binding motif RGD present in several Japanese encephalitis virus (JEV) group viruses is not conserved for BJV and is instead SGT (aa 390-392). The BJV E protein does not carry any potential N-glycosylation Table 1 . Putative cleavage sites in polyproteins of BJV and selected other FVs
The putative cleavage sites are the same for BJV strains Israel (GenBank accession no. KC496020) and Senegal (ABW74531). GenBank accession nos of FV polyproteins employed for cleavage sites comparison: WNV (AAF20092); Japanese encephalitis virus (JEV) (NP_059434); Yellow fever virus (YFV) (CAA27332); Usutu virus (USUV) (AAS59402); Bagaza virus (BAGV) (AAV34161); Nounane virus (NOUV) (ACM68470); Lammi virus (LAMV) (ACR56717); Zika virus (ZIKV) (AAV34151).
Virus
Predicted cleavage sites (Shirato et al., 2004) . However, there are several WNV (including Kunjin virus) strains, which do not carry this glycosylation motif (Adams et al., 1995; Scherret et al., 2001 ).
The NS1 protein of BJV spans a region of 350 aa. It carries 12 cysteine residues at positions homologous to those of other FVs (positions 4, 15, 55, 141, 177, 221, 278, 289, 310, 311, 314 and 327) . Four potential N-glycosylation sites were detected for NS1 (N-94, N-205, N-282, N-288) . Members of the JEV serogroup with exception of JEV are known to contain three N-linked glycosylation sites at positions N-130, N-175 and N-207 , which have been related to neuroinvasiveness (Whiteman et al., 2011) . Only one of these sites is also present in BJV at the corresponding position N-205. A fifth potential N-glycosylation site in BJV (N-129), which would correspond to the JEV serogroup site N-130, was calculated as unlikely due to the surrounding residues. Proline-250, which is implicated in neuroinvasiveness in JEV serogroup members (Hall et al., 1999) , could be determined for BJV NS1 protein at position P-248.
The BJV non-structural proteins NS2A and NS2B are 233 and 129 aa in length, respectively. Along the NS2A-encoding nucleotide sequence of BJV, a foo motif could not be identified. Foo is conserved among members of the JEV serogroup and leads to the generation of NS1', which has been implicated in neuroinvasiveness (Firth & Atkins, 2009; Melian et al., 2010) . Neither could we determine a fifo motif along the NS2A and NS2B nucleotide regions. Fifo is conserved throughout the 'insect-specific' FVs .
BJV NS3 protein has a length of 621 aa and contains the typical FV NS3 regions for the viral serine protease and helicase. Within the putative viral serine protease region, the proposed catalytic triade (H-47, D-75, S-135), the ultraconserved residues of serine proteases (G-133, S-135, G-136, G-148, L-149, G-153) and three of the five putative substrate-binding residues (Y-150, N-152, G-153) according to Valle and Falgout (1998) could be identified. The RNA helicase motif DEAH (Gorbalenya et al., 1989) (positions 285-288) is also conserved in BJV NS3.
BJV NS4A and NS4B proteins were determined as 126 and 255 aa long, respectively. Within the coding region of NS4A, motif PEAE (positions 120-123) was identified, which is a prerequisite for cleavage of protein 2K from NS2A (Ambrose & Mackenzie, 2011) . 2K harbours 23 aa.
For the 905 aa NS5 protein of BJV, the motif common to RNA-dependent RNA polymerases typically found in FVs (Rice et al., 1985) could be determined (residues G-666, D-667, D-668).
Sequence comparison of proteins of BJV (Israel) with other FVs
The amino acid sequences of the individual proteins of BJV (Israel) were separately aligned with those of strain Senegal Table 2 ). The number of amino acids of each BJV protein is in the range of other FVs. The entire polyproteins of the two BJV strains share 99 % of the amino acid sequences. Proteins prM and 2K are absolutely identical between the two strains. NS2A, NS2B, NS3, NS4B and NS5 are 99 % identical and NS1 and NS4A 98 % identical. The greatest difference lies within the E proteins, which share 97 % identities. Amino acids 413-427 are highly variable between the two E proteins, and within this stretch, E protein of the Senegal strain lacks two amino acids. The almost complete polyproteins of BJV and the other five FVs depicted have only identities of 24 % (CFAV) to 54 % (NOUV). The highest amino acid sequence identities were found for NS3 (maximum of 56 % for NOUV and JEV) and NS5 (maximum of 65 % for NOUV).
Phylogenetic analysis of BJV and other FVs
The phylogenetic analysis of the almost complete polyprotein gene sequence of BJV strain Israel and 54 other selected FV sequences (including BJV strain Senegal) exhibited two major clusters (see Fig. 1 ). One cluster contains the five selected 'insect-specific' FVs and the other cluster comprises all remaining FVs, with an overall amino acid identity below 30 % between members of these two clusters. Previous comprehensive phylogenetic investigations on FVs based on the NS5 genes showed that they can be divided into two clusters: one containing the vector-borne FVs, and the other comprising FVs for which vectors are yet unknown, with further segregation into 14 clades (Kuno et al., 1998) . Furthermore, the vector-borne viruses could be subdivided into a mosquito-borne (with Culex sp. and Aedes sp. as vectors) and a tick-borne virus clade (Gaunt et al., 2001 ).
Our results, based on almost complete polyprotein gene sequences, only partially coincide with those of the abovementioned studies. The inclusion of 'insect-specific' FVs in the phylogenetic analysis resulted in a discrimination of all remaining viruses in two clades, of which the first consists of only mosquito-borne FVs and the second clade includes tick-borne FVs as well as FVs without known vectors (Fig.  1) . The phylogenetic separation of 'insect-specific' FVs from all other FVs confirms other recent studies on 'insectspecific' FVs Huhtamo et al., 2012) . In our study, the mosquito-borne FVs were further divided into -thoroughly investigated -Culex-borne and Aedes-(Stegomyia-) borne viruses, respectively, as well as into mosquito-borne FVs with yet unknown vertebrate hosts. Both BJVs clearly appeared to be members of the last group, which additionally includes NOUV, LAMV, CHAOV and DGV (Fig. 1) . During recent years, many novel flaviviral sequences have been discovered. Until 2012, 53 different species of the genus Flavivirus with one to several hundred viruses of each species have been listed in the ICTV database. Differences in published phylogenetic trees are mainly due to different genome regions used for the analyses. In the present study, the almost complete polyprotein gene sequences were used, resulting in a general clustering of FVs, which is in full agreement with other recent studies, which included BJV strain Senegal Huhtamo et al., 2012 ).
The present study shows a very close genetic relationship between BJV strain Israel and its counterpart from Senegal, despite the fact that the two strains were detected (Lee et al., 2013) and in China between 2008 and 2010 (GenBank accession nos FJ883471, NC_017086 and JQ308185) as well as DGV (GenBank accession no. JQ086551; Fig. 1 ). Although all these viruses have the common feature that their vertebrate hosts have not been described yet, they form separate branches, which may be due to their evolution in different mosquito species. While BJV strain Israel was recovered from a pool of C. perexiguus mosquitoes and NOUVs were isolated from Uranotaenia mashonaensis mosquitoes (Junglen et al., 2009) , LAMV (Huhtamo et al., 2009) , CHAOV (Lee et al., 2013) and DGV (GenBank accession no. JQ086551) were isolated from Aedes sp. Similar grouping into Culex-and Aedesassociated FVs can also be observed among the 'insectspecific' FV cluster. As NOUV, LAMV and CHAOV could only be cultivated in C6/36 (Aedes albopictus) cells but did not infect and replicate in several mammalian cell lines tested [e.g. Vero, BHK (baby hamster kidney), chicken embryo fibroblasts, human cell lines (Huhtamo et al., 2009; Junglen et al., 2009; Lee et al., 2013) ], a relation to the 'insect-specific' FVs could be indicated. For BJV strain Israel, limited cell culture susceptibility studies revealed a cytopathic effect (CPE) in the second passage in the chicken embryo fibroblast cell line DF-1, but not in Vero cells. However, hemi-nested universal FV reverse transcription PCR (RT-PCR) (Scaramozzino et al., 2001) on RNA extracted from the cell slurry of the DF-1 culture after freezing and thawing proved negative, indicating that the observed CPE was not BJV-related. On the other hand, these limited experiments on two cell lines do not exclude the possibility that BJV might be able to replicate in other vertebrate cells.
Our phylogenetic tree clearly demonstrates that the 'insectspecific' FVs are highly distinct from the other members of both mosquito-borne and tick-borne FVs, which is in accordance with other recent studies Johnson et al., 2012; Lee et al., 2013) . In addition, the 'insect-specific' FV CFAV, which was included in our detailed protein sequence comparison analysis (Table 2) , exhibited the least amino acid identity to BJV of all FVs investigated, and no fifo motif common to the 'insectspecific' FVs could be identified for BJV.
However, a potential vertebrate host for BJV has not been determined yet. BJV and other closely related FVs without known vertebrate host may possibly have lost the vertebrate transmission trait. The BJV mosquito vector C. perexiguus is considered the major vector of WNV in Israel (Orshan et al., 2008) and is known to be more abundant between June and August, feeding mainly on birds (Vázquez et al., 2011) . The latter feature of the mosquito vector is pointing towards birds as potential primary vertebrate hosts for BJV. Regarding host range and possible transmission ways of BJV, further investigations are needed.
Barkedji is a village in the Ferlo area, within the Louga region in north-central Senegal, located in the Sahal semiarid area. Due to long persistence of temporary ponds and the presence of cattle, sheep and many species of birds this area is known as a natural source of mosquito vectors of several viruses, especially WNV and Rift Valley fever virus (Soumaré et al., 2012; Traoré-Lamizana et al., 1994 , 2001 ). The BJV described in the present study was detected in a pool of mosquitoes collected in Vadi Ara, Israel. This valley is located in the north-central Sharon plain, a semi-arid region with an intermittent stream close to an area rich in fish ponds. This habitat supports an abundance of mosquitoes and is located on the path of one of the major bird migration routes between Africa and Europe and Western Asia. As a result, this region has been highly endemic for WNV (Bin et al., 2001) and, as in the Barkedji region, supports the zoonotic cycles of a variety of other arboviruses.
Based on analyses of the genome sequence, the viral proteins and the phylogenetic relationships presented in this study, BJV is a mosquito-borne FV harbouring the typical FV proteins and enzyme motifs. Despite the lack of several known pathogenicity markers, BJV harbours some putative neuroinvasiveness markers and should therefore be closely monitored -not least because genetic variations could increase its pathogenicity. The present study emphasizes a distant relationship of BJV to the other known FVs, suggestive of a novel species among mosquitoborne FVs tentatively without known vertebrate host. Phylogenetic analysis. For the phylogenetic analysis representatives of all major clades of the genus Flavivirus were selected -altogether 55 viruses. Of the mosquito-borne or mosquito-associated FVs the most important representatives of WNV, viruses from the JEV group, SLEV, Rocio virus, Bagaza virus, Kokobera virus, the four DENV serotypes, ZIKV, SPOV, KEDV, six viruses of the YFV group, and other viruses were included. Five 'insect-specific' FVs including CFAV, five selected tick-borne FVs, and four FVs with known vector but yet unknown vertebrate host were also chosen. GenBank accession numbers of all sequences analysed are included in the phylogenetic tree (Fig. 1) .
METHODS
Prior to phylogenetic analysis, a multiple sequence alignment on 55 polyprotein sequences was performed using CLUSTAL_X program (version 1.8) and verified by BioEdit Sequence Alignment Editor version 7.0.9.0. Phylogenetic neighbour-joining analysis was conducted with the help of the MEGA5 program (Tamura et al., 2011) . For calculating amino acid sequences the Jones-Taylor-Thornton (JTT) matrix-based substitution model was used (Tamura et al., 2011) . Bootstrap resampling analysis with 1000 replicates was employed.
